A pioneering genetic analysis of aging in yeast has revealed that a protein complex known to play an essential role in transcriptional silencing at mating-type loci and telomeres also controls aging and stress resistance.
Yeast cells, like the rest of us, get old and die. Baker's yeast, Saccharomyces cerevisiae, divides by budding and thus produces two clearly distinguishable cells upon division -the cell that buds being known as the 'mother' cell and the bud its 'daughter' cell. In addition to being larger in size than its newly-born daughter, a haploid mother cell has the unique ability to change mating typewhich can be a or ca -by a directed gene conversion event that utilizes 'silent' copies of mating-type information (see Fig. 1 ). The number of cell divisions -budding events -that a mother cell undergoes before its cell cycle stops is limited, however, and defines a measure of senescence for this organism. This number turns out to be relatively constant for a given strain, but varies considerably from strain to strain (from -15-40 divisions).
For many years, the conventional wisdom has been that yeast cells age as a consequence of the accumulation of bud scars, the rings of chitin left on the surface of the mother cell after the budding event is completed. However, several lines of evidence indicate that this is not the case, and instead point to the existence of a senescence factor (or factors) that accumulates in old mother cells. To begin with, mutant cells in which extra chitin is deposited on the cell surface do not age prematurely [1] . In addition, daughter cells arising from old mothers have a longer cell cycle and a reduced life span compared to those that arise from younger mothers [1, 2] . As the daughters from older mothers do not themselves contain bud scars, this again argues against a direct causative role for bud scars in aging. These last two pieces of data are more consistent with the proposal that a specific aging factor accumulates with each cell division and can be inherited by daughter cells.
In a recent paper, Guarente and colleagues [3] describe initial results from a pioneering genetic analysis of aging in yeast. Quite surprisingly, this work has revealed that a gene known to play a critical role in transcriptional silencing at silent mating-type loci and telomeres in yeast, SIR4, is also involved in controlling life span. So, in addition to providing the first insights into the genetic control of aging in yeast, these studies reveal a new role for transcriptional silencing and hint at a complex regulation of this process.
The assay for senescence in yeast -which involves continuous microscopic observation of cells over the course of as many as 50-60 cell divisions -is extremely tedious and would thus be useless as a means of screening for mutations that affect the process. Kennedy et al. [3] made a critical observation that allowed them to circumvent this problem. They discovered that the average life span of several different laboratory strains correlates well with their stress resistance, as measured either by the ability to withstand long periods of storage at 4C or to recover from nutrient starvation. This latter phenotype was used to identify stress-resistant mutants in an originally sensitive (and short life-span) strain.
From 39 starvation-resistant mutants recovered and analyzed, eight were found to have elongated life spans compared to the parent strain (by 20-50 %). Further genetic analysis showed that seven of the eight mutations were recessive and defined three complementation groups, unlinked to each other or the single dominant mutation. The four genes thus identified were called UTHI-UTH4 (for youth). 
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SIR4, a gene required for telomeric and mating-type gene silencing, regulates life span One mutant, called uth2-42 displayed two additional phenotypes: it mated poorly and had a bi-polar budding pattern characteristic of diploid cells. The cloning and identification of UTH2 as the SIR4 gene immediately explained these two properties. Cells that are mutated in SIR4 are defective in transcriptional silencing and express both silent copies of mating-type information (or genes at a locus called HML and a genes at HMR) [4] . So, regardless of whether a or ot information is present at the transcribed MAT locus, a sir4 mutant will express both types of mating-type genes and will have an a/ot diploid phenotype (non-mating and polar budding). SIR4 is also required for the metastable repression that is observed when genes are placed near telomeres in yeast, a phenomenon known as telomere position effect [5, 6] .
It immediately became clear, however, that the elongated life span of uth2-42 (now called sir4-42) cells is not due to their sterility, and that sir4-42 is not a typical allele of SIR4. First, diploid cells or haploid cells with copies of both MATa and MATa genes are not long-lived. Second, mutations in other genes that cause sterility by affecting the mating-pheromone response pathway do not affect life span. Finally, deletion of the entire SIR4 gene (sir4a) does not result in elongated life span, though it does lead to stress resistance. In fact, sir4A slightly reduces life span.
It seems from these results, then, that sir4-42 is not a lossof-function mutation with respect to life span. Consistent with this conclusion, life-span elongation by sir4-42 is semi-dominant to wild type, as would be expected for a gain-of-function mutation. Interestingly, the sir4-42 allele creates a stop codon at position 1237, which removes 121 residues from the carboxyl terminus of the protein. Overexpression of the carboxyl terminus of Sir4 had been shown previously to cause a dominant derepression of the HM silent mating-type loci [7] . Significantly, Kennedy et al. [3] showed that overexpression of this domain of Sir4, part of which is missing in the sir4-42 mutant, leads to increased life span and stress resistance in cells that carry a wild-type copy of SIR4.
Increased life span in a sir4-42 mutant requires the wildtype function of two other silencing genes, SIR2 and SIR3 As mentioned above, the only previously known regulatory function of SIR4 is transcriptional repression of mating-type genes at the silent HM loci and genes placed near telomeres. At both of these sites, two other SIR genes -SIR2 and SIR3 -are also required for repression [4, 6] , whereas the SIR1 gene is required specifically at HM loci for stable silencing [8] . Consequently, Kennedy et al. [3] asked whether the other three SIR genes (SIR1-3) are required in order for the sir4-42 mutation to exert its unusual increased-life-span phenotype. Significantly, they found that mutating SIR2 or SIR3 (but not SIR1) abolished the increased-life-span phenotype of sir4-42. This result suggests that the aging phenotype of sir4-42 requires a putative Sir protein complex [9] , and thus associates this phenotype with transcriptional silencing.
The increased life span of sir4-42 is not associated with telomere elongation In studies of various mammalian cell lines, senescence has been correlated with a progressive loss of telomere repeat sequences. A currently popular model proposes that senescence can be overcome by blocking this process through the reactivation of a telomerase enzyme [10] . Kennedy et al. were thus quite interested in determining whether the novel longevity phenotype of the sir4-42 mutant might be associated with an increase in telomere length. They found, however, that both the telomere-length and telomeric-silencing phenotypes of sir4-42 were indistinguishable from those of sir4A: both mutations cause a slight decrease in telomere repeat tract lengths and completely abolish telomeric silencing [3] . These results indicate that the elongated life span of sir4-42 mutants is unlikely to result from a change in either telomere structure (length) or silencing. However, as the authors point out, this conclusion has to be qualified, because they have not been able to look at these two phenotypes in old cells, where specific differences might be seen between sir4-42 and the sir4A null mutation.
A model relating aging, stress resistance and silencing
Where does all of this leave us? Kennedy et al. [3] suggest a speculative model to explain their results (Fig. 2) . One of the keys to understanding this model is an appreciation of the phenotypic differences between the sir4A and sir4-42 alleles (see Table 1 ). Both mutations cause stress resistance, alleviate silencing at HM loci and telomeres, and slightly reduce telomere-repeat-tract length. sir4-42, however, causes an increase in life span, whereas the simple loss of SIR4 function actually decreases longevity. A second fact which is crucial to their model is that the increased longevity phenotype of sir4-42 requires wildtype SIR2 and SIR3 genes, and thus probably represents a normal (though enhanced) function of a Sir complex, rather than an altered function. (An additional fact supporting this conclusion is that the increased longevity caused by overexpression of the Sir4 carboxyl terminus is not seen in cells deleted for the native SIR4 gene.)
Putting this information together, Kennedy et al. suggest, first, that a gene (or genes) involved in stress resistance is negatively regulated by the Sir complex and is activated by both the sir4A and sir4-42 mutations. To explain the different effect of these two mutations on aging, they propose the existence of another locus (called AGE), which is also regulated by the Sir silencing system. In their model (Fig. 2) , silencing of the AGE locus breaks down in old cells, leading to senescence. This process is accelerated in sir4A mutants, but delayed in sir4-42 mutants, where repression of AGE is proposed to be increased.
Let us first consider the implications of this model for the Sir silencing system. The notion that the sir4-42 mutation can abolish repression at HM loci and telomeres, Fig. 2 . A model to explain the effects of sir4 mutations on life span and stress resistance in yeast. A putative gene involved in stress resistance (STRESS-R) is depicted as telomere-linked (the telomere is indicated by the yellow cone), as its repression is dependent upon SIR4 (and SIR2-3 ; L. Guarente, personal communication), but not SIR1, as is characteristic of genes located near telomeres [6] . A gene whose expression causes aging (AGE) is depicted as active in the SIR4 + strain, as a result of the breakdown of silencing at this locus in old cells. The AGE locus is probably not linked to either telomeres or HM loci, as it is proposed to respond differently to the sir4-42 mutation than do these other sites. Sir4t denotes the truncated Sir4 protein produced by the sir4-42 allele. Note that there is strong evidence for the association of Sir3 and Sir4, whereas the presence of Sir2 in this complex is less clear [9] . See the text for further details of the model. while at the same time improving silencing at the putative AGE locus, might seem far-fetched. However, Kennedy et al. [3] suggest a reasonable mechanism to explain this effect. They propose that the truncation of the Sir4 carboxyl terminus by the sir4-42 mutation -or overexpression of the carboxyl terminus in a SIR4+ strainprevents the Sir complex from working at HM loci and telomeres, freeing it to work at the AGE gene.
In fact, other recent experiments support this general idea of a limiting amount of Sir complex, the apportionment to different loci of which is tightly regulated. HM loci and telomeres appear to be organized into a 'hierarchy' of silencing [6] , in which repression is most stable at HMR and least stable at telomeres. This results in part from the ability of HM loci, but not telomeres, to use the silencing-establishment function of SIR1 [8, 11] . More recent experiments indicate that the silencer-and telomerebinding protein Rapl also plays a role in controlling the balance between HM locus and telomeric silencing [12] . Mutations in either RAP1 (called rapIS; [13] ) or in RIF1 (encoding Rapl-interacting factor 1; [14] ) improve silencing at telomeres [12, 15] , while at the same time abolishing repression at an HMR locus with a weakened silencer. Perhaps significantly, the rapl s mutations appear to alter the interaction of the Rapl protein with Sir4 [12] .
How could truncation of the Sir4 carboxyl terminus or overexpression of this domain bring about such a drastic change in silencing? One very speculative possibility relates to the observation that this part of Sir4 is homologous to nuclear lamins and may thus form a coiled-coil structure that interacts with the nuclear envelope [16] . Localization of HM loci and telomeres to the nuclear membrane by the Sir4 carboxyl terminus may be important for silencing at these loci, but not at the putative AGE locus, thus explaining the proposed shift in repression brought about by the sir4-42 mutation.
likely to be based upon silencing. This conclusion would be strengthened if it were shown that sir4-42 also requires the histone H4 amino-terminal tail, which is required for HM locus and telomeric silencing [6, 17] . In the absence of this information, other possibilities might be worth considering. For example, Rapl also functions as a transcriptional activator [18] , and this activity is negatively regulated (at least in the context of LexA-RAP1 hybrid proteins) by SIR2-4, probably by direct binding of a Sir protein complex to the Rapl carboxyl terminus [9] . One could imagine, therefore, that if a gene involved in aging were activated by Rapl, its expression would be decreased if the sir4-42 mutation frees Sir complexes from HM loci and telomeres.
The success of the genetic screen carried out by Kennedy et al. [3] would seem to vindicate the underlying assumption that stress resistance is functionally related to increased longevity. This result is particularly interesting in view of an analogous correlation between stress resistance and longevity in both the fruitfly, Drosophila melanogaster, [19] and the nematode, Caenorhabditis elegans [20] . At least in the case of the sir4-42 mutation, however, stress resistance and longevity appear to have separate causes, the former being a loss-of-function phenotype shared with the sir4A mutant, the latter being a unique gain-of-function property of this allele. Could the stress
The proposition that a gene involved in aging is more effectively silenced in sir4-42 strains is based upon the observation that the life-span-elongation phenotype of this mutant depends upon SIR2 and SIR3 function, so is resistance of sir4-42 be a coincidental secondary phenotype, or does this property contribute to the increased longevity phenotype of the mutant? For example, could genes whose products mediate stress resistance also help to stabilize repression at the putative AGE locus in old cells? Although the apparent involvement of a Sir complex in both stress resistance and aging suggests that they are in some way related, it is clear that more experiments will be required to resolve this issue. As Kennedy et al. [3] correctly point out, the answer to this and many other questions will have to await the characterization of the other UTH genes, and the identification of the putative AGE gene(s) repressed by the Sir complex. It would indeed be striking if these two aims were to converge on the same target. We should know soon.
